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FtsH is a membrane-bound ATP-dependent protease in bacteria that is critical for degrading mem-
brane proteins. The MgtC virulence protein from Salmonella enterica is located at the inner mem-
brane and required for survival inside macrophages. Here we report that a single substitution at
tryptophan 226 of the MgtC protein to alanine promotes the FtsH-mediated proteolysis. The Trp resi-
due is located at the very C-terminus of the cytoplasmic domain of the MgtC protein and conserved
only in intracellular pathogens surviving within a macrophage phagosome, suggesting that
Salmonella may acquire the tryptophan residue to prevent MgtC degradation by the FtsH protease.
Moreover, the reduced proteolytic activity of the FtsH protease during infection further increases
MgtC production, promoting Salmonella’s pathogenicity inside phagocytic cells.
 2015 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction
MgtC is a virulence protein that is required for intramacrophage
survival in several unrelated pathogens including Salmonella enter-
ica, Mycobacterium tuberculosis, Brucella suis, Yersinia pestis, and
Burkholderia cenocepacia [1]. The mgtC mutant had a defect both
for survival inside macrophages and for growth in low Mg2+ med-
ium in all those intracellular pathogens [1]. Several amino acids
were identiﬁed as critical residues for survival by a sequence com-
parison and a complementation study [2]. The Salmonella MgtC
protein promotes survival inside macrophage by inhibiting the
F1Fo ATP synthase and thus maintaining ATP homeostasis [3],
which could be critical for survival within an acidiﬁed phagosome
inside host macrophages. Because of targeting a key enzyme in
bioenergetics, expression of MgtC is negatively regulated at multi-
ple levels. On the one hand, in low Mg2+, the PhoP/PhoQ two com-
ponent regulatory system activates transcription initiation of the
mgtCBR operon [4], which encodes the virulence protein MgtC, a
Mg2+ transporter MgtB, and a regulatory peptide MgtR. However,
the PhoP/PhoQ two component regulatory system also activates
transcription of an antisense RNA AmgR with lower afﬁnity from
a promoter located intergenic region between the mgtC and mgtBgenes [5]. The AmgR degrades mgtC part of polycistronic messen-
ger RNAs in an RNase E-dependent manner [5]. On the other hand,
the 30 amino acid-long MgtR peptide binds to the SalmonellaMgtC
protein and has been shown that it could mediate proteolysis via
the Escherichia coli FtsH protease when introduced in an E. coli
ftsH temperature-sensitive mutant [6].
FtsH is an ATP-dependent protease and the N-terminal region of
the FtsH is located in the inner membrane [7]. As expected from its
unique location, FtsH protease is the only protease responsible for
degradation of membrane proteins and essential for viability in E.
coli [7]. MgtC is also an innermembrane protein with ﬁve trans-
membrane regions in its N-terminus [2]. The C-terminal region of
the MgtC protein is located in the cytoplasm and its structure was
partially determined [2]. Among several conserved amino acids,
tryptophan at position 226 is well conserved in other intracellular
pathogens and a previous study showed the a version of the mgtC
gene with substitution of the Trp codon to Ala codon in a plasmid
failed to complement growth defect of the mgtC mutant in low
Mg2+ medium, but partially complemented survival inside macro-
phages [2]. In this paper, we demonstrated that chromosomal
W226A substitution at the C-terminus of the MgtC protein
promotesMgtC degradation in an FtsH-dependentmanner and does
not require the regulatory peptide MgtR. This explains why a
Salmonella strain with the mgtC variant harboring the W226A sub-
stitutionphenocopies themgtCmutant for growth in lowMg2+med-
ium.Moreover, protease activity of the FtsH protease itself seems to
be less active during course of infection, further accumulating the
MgtC proteins. And these ﬁndings highlight that Salmonella may
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minant and reduce the activity of the protease responsible for
proteolysis, thereby promoting pathogenicity inside host.
2. Materials and methods
2.1. Bacterial strains, plasmids, primers, and growth conditions
All strains, plasmids, and oligonucleotides used in this study are
listed in Tables S1 and S2, respectively. All Salmonella strains were
constructed from the wild-type 14028s [8] using a k-mediated
recombination [9] and transduced by P22 phage as described
[10]. Bacteria were grown in either Luria–Bertani (LB) standard
laboratory media or N-minimal media (pH 7.7) [11] containing
38 mM glycerol as a carbon source and 10 lM or 10 mMMg2+.
E. coli DH5a strain was used for cloning. Antibiotics were used at
50 lg ml1 for ampicillin and kanamycin, and at 10 lg ml1 for
tetracycline. Isopropyl-b-D thiogalactopyranoside (IPTG) was used
at 0.0625 or 0.2 mM.
2.2. RNA extraction and quantitative real time-polymerase chain
reaction (RT-PCR)
Total RNAs were isolated using RNeasy Kit (Qiagen) according
to the manufacturer’s instructions. Five hundred nanogram of total
RNAs were synthesized to cDNA by PrimeScript™ RT reagent Kit
(TaKaRa). The mRNA levels of the mgtC and rrsH genes were ana-
lyzed by a 7500 Fast Real Time PCR system (Applied Biosystems,
Foster City) with SYBR Green PCR Master Mix (TOYOBO). We used
7530 and 7531 primers for the mgtC gene and 6970 and 6971 pri-
mers for the rrsH gene. Relative mRNA levels of themgtC gene were
calculated by normalizing to the levels of the rrsH encoding 16S
ribosomal RNA.
2.3. Western blot analysis
Bacterial cells were grown in 35 ml of N-minimal medium con-
taining 10 lM or 10 mMMg2+ until optical density at 600 nm
reaches0.5. Crude extracts were prepared in PBS (phosphate-buf-
fered saline) buffer using a sonicator and analyzed as described [5].
The data are representative of at least two independent experi-
ments, which gave a similar outcome.
2.4. Salmonella’s survival inside macrophages
Replication efﬁciency within the macrophage-like cell line J774
A.1 was measured as described [12].
2.5. Salmonella’s mRNA expression inside macrophages
Relative mRNA levels of the mgtC gene expressed inside the
macrophage-like cell line J774 A.1 compared to that expressed out-
side host were measured and calculated as described [13].
2.6. Construction of a chromosomal mutant strain with the mgtC
W226A or W226F substitution
For mgtCW226A or mgtCW226F substitution, we used the fusaric
acid-based counterselection method as described previously [5].
We prepared DNA fragments containing the mgtCW226A
substitution by two rounds of PCR reactions. For the ﬁrst round,
we ampliﬁed ﬁrst DNA fragments using 8118/12725 primer pair
(for mgtCW226A) and 8118/W226F-R primer pair (for mgtCW226F)
and second DNA fragments using 12724/1259 primer pair (for
mgtCW226A) and W226F-F/1259 primer pair (for mgtCW226F) and
14028s genomic DNA as a template. For the second round of PCRreaction, we mixed two PCR-ampliﬁed fragments from the
previous PCR reactions as templates and used 8118/1259 primer
pair to prepare DNA fragments containing the W226A or W226F
substitution. The resulting DNA fragments were puriﬁed and
introduced into the EG18804 electrocompetent cells and selected
against TetR using a fusaric acid media to generate strain
EL553 or EN772 [14]. The resulting strain was veriﬁed by DNA
sequencing.2.7. Construction of a strain with chromosomal mgtR deletion
We createdmgtR deletion strains using the one-step gene inacti-
vationmethod as described previously [9]. The DNA fragments con-
taining a KmR cassette were ampliﬁed using DE-mgtR-F/DE-mgtR-R
primers and pKD4 plasmid as a template. We then electroporated
the puriﬁed PCR products into 14028s, an mgtC mutant (EL4), and
the mgtCW226A mutant (EL553) strains to generate EN341
(mgtR::KmR), EN647 (mgtC, mgtR::KmR), and KK17 (mgtCW226A,
mgtR::KmR), respectively. The KmR cassettes were removed via
pCP20 plasmid to generate KK24 (mgtR) and KK25 (mgtCW226A,
mgtR). A P22 phage lysate grown in strain HK333 (ftsH::KmR/pUH-
ftsH) was used to transduce EL553, KK24 and KK25 strains and
selected for KmR to generate EN657 (mgtCW226A, ftsH::KmR/pUH-
ftsH), KK30 (mgtR, ftsH::KmR/pUH-ftsH), and KK32 (mgtCW226A,
mgtR, ftsH::KmR/pUH-ftsH), respectively.
2.8. Construction of an IPTG-inducible plasmid harboring the mgtC
gene with W226A substitution
Plasmid pmgtCW226A was constructed by cloning PCR-ampliﬁed
DNA fragments into the IPTG-inducible pUHE 21-2lacIq plasmid.
We used 430 and 431 primers and EL553 genomic DNA as a tem-
plate to amplify the corresponding mgtC coding region with the
W226A substitution. The PCR fragments were digested with
HindIII and BamHI and ligated into pUHE21-2lacIq, resulting the
pmgtCW226A plasmid.3. Results
3.1. The chromosomal mgtC mutant with substitution at tryptophan
226 to alanine fails to produce MgtC proteins even though it produces
higher transcripts than wild-type Salmonella
Among the conserved amino acids in intracellular pathogens
surviving within a phagosome (Fig. S1), we are interested in tryp-
tophan at position 226 because a previous study showed that a
plasmid version of the mgtC gene with the Trp codon substituted
by Ala codon failed to complement the mgtC mutant for growth
in low Mg2+ media but partially complemented the survival inside
macrophages [2]. To understand the physiological role of theW226
residue, we created a chromosomal mutant where tryptophan
codon at position 226 of the mgtC gene was replaced by alanine
codon. The mgtC mutant strain with the W226A substitution
(mgtCW226A) failed to produce MgtC protein when cells were grown
in N-minimal medium containing 10 lMMg2+, which is a condi-
tion to activate the PhoP/PhoQ two component regulatory system
(Fig. 1C) [4]. By contrast, when we measured mRNA levels of the
mgtCW226A mutant, mRNA levels were detected 10-fold higher than
that of wild-type Salmonella (Fig. 1D). The presence of the aromatic
ring in the tryptophan codon seems to be critical because the mgtC
mutant strain with the Trp codon substituted by Phe codon
(W226F) still produced MgtC proteins (Fig. 1C). The MgtC proteins
with the W226A were not detected even when the mgtCW226A cod-
ing sequence was expressed from heterologous plac1-6 promoter
(Fig. 2A). As a control experiment, mRNA levels were unaffected
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Fig. 1. Model for MgtC proteolysis mediated by the FtsH protease. (A) In the wild-type MgtC, Salmonella protects MgtC degradation from the FtsH-mediated proteolysis. (B) In
the MgtCW226A variant, Salmonella promotes MgtC degradation by the FtsH protease. In both case, the MgtR peptide binds to MgtC protein and also promotes the FtsH-
mediated proteolysis. And the FtsH protease is less active inside phagocytic cells, contributing to accumulation of the MgtC proteins during infection. The Trp 226 of the MgtC
is marked as circle. The two residues of the MgtR, Leu15 and Ala24, which are located at the transmembrane domain and required for MgtC interaction, are marked as circle.
(C and D) ThemgtCW226A gene expressed from its normal location does not produce MgtC proteins in lowMg2+ media, even with higher levels of transcript compared to that of
wild-type Salmonella. (C) Western blot analysis of crude extracts prepared fromwild-type (14028s), anmgtC variant Salmonellawith the Trp codon at position 226 replaced by
Ala codon (EL553) or an mgtC variant Salmonella with the Trp codon replaced by Phe codon (EN772) grown for 5 h in N-minimal medium containing 10 lMMg2+ (L, low) or
10 mMMg2+ (H, high). Anti-Fur antibodies were used as loading controls. (D) Relative mRNA levels of the coding regions of the mgtC gene produced in strains described
above. Expression levels of target gene were normalized to that of 16S ribosomal RNA rrsH gene. Shown are the mean and S.D. from three independent experiments.
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suggest that W226A substitution affects the amounts of the MgtC
protein at post-transcriptional level.
3.2. W226A substitution promotes MgtC protein degradation by the
FtsH protease
We reasoned that the disappearance of MgtC protein in a strain
with the W226A substitution at the C-terminus of MgtC could be
due to be enhanced proteolysis of the MgtCW226A protein and that
the protease responsible for MgtCW226A proteolysis would be FtsH
for following reasons: First, both the MgtC and FtsH proteins are
located at the innermembrane and FtsH is the only known protease
degrading membrane proteins in E. coli [7]. Second, it has been
shown that Salmonella MgtC protein could be degraded by E. coli
FtsH protease [6]. Third, in vivo chemical crosslinking assay has
shown that MgtC proteins physically interact with the FtsH protein
aswell as two other regulatory subunits, HﬂK andHﬂC in Salmonella
[3]. We tested whether the W226A substitution accelerates MgtC
degradation by the Salmonella FtsH protease. Because the FtsH
protease seems to be essential in Salmonella [15], we created a con-
ditional ftsH mutant either in the wild-type or the mgtCW226A
mutant strain where the chromosomal ftsH gene was deleted but
the ftsH gene driving its expression from an IPTG-inducible pro-
moter was provided by the plasmid (Fig. 3A) [15]. When we added
0.0625 mM of IPTG to induce the ftsH gene heterologously, MgtC
proteins were detected in the wild-type but not the mgtCW226A
mutant strain (Fig. 3B), in agreement with a previous observation.
However, depletion of the FtsH protease by removing IPTG started
to accumulate theMgtCW226A proteins asmuch as those of thewild-
type (Fig. 3B), indicating that the MgtCW226A proteins are degradedby the FtsH protease. It is interesting to note that the levels of the
wild-type MgtC proteins did not increase even in the absence of
the FtsH protease (Fig. 3B), suggesting that the tryptophan residue
at position 226 of the wild-type MgtC protein protects degradation
from proteolysis by the FtsH protease.
3.3. MgtCW226A degradation by the FtsH protease does not require the
action of the regulatory peptide MgtR
The MgtR regulatory peptide is known to bind MgtC proteins
directly and interaction between MgtC and MgtR promotes MgtC
protein degradation [6]. Because W226A substitution also pro-
motes MgtC degradation, we wondered whether degradation of
the MgtCW226A is mediated by the MgtR regulatory peptide.
Introduction of the mgtR mutation to the strain with the
mgtCW226A substitution did not restore MgtC expression (Fig. 3C).
This is also true when we created a strain with both mgtC and
mgtR genes deleted and provided a version of plasmid with the
mgtCW226A gene (Fig. 2B). These data suggest that degradation of
the MgtCW226A by the FtsH protease is independent of that
mediated by the MgtR peptide.
The W226 residue of the MgtC protein is located at the C-termi-
nus of the MgtC protein in the cytoplasm (Fig. 1A) [2]. The active
site of the FtsH protease is localized at the cytoplasmic domain
as well (Fig. 1A) and known to recognize certain length of exposed
non-polar amino acids at the C-terminus of target proteins as a
degradation signal [16]. Considering that the MgtR residues
required for MgtC interaction were mapped in the transmembrane
region of the MgtR (Fig. 1A and B), it makes more sense that the
MgtCW226A degradation recognized by the FtsH protease does not
require the MgtR’s regulatory action.
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Fig. 2. MgtCW226A production is controlled at the level of post-transcription and independent on the MgtR regulatory peptide. (A and B) Western blot analysis of crude
extracts prepared from an mgtC mutant (EL4) (A) or an mgtC mgtR mutant (EN647) (B) Salmonella harboring either pmgtC or pmgtCW226A grown in N-minimal medium
containing 50 lMMg2+ in the presence of 0.2 mM IPTG. The amounts of MgtC proteins were determined by anti-MgtC antibodies. Anti-Fur antibodies were used as loading
controls. (C and D) Relative mRNA levels of the coding regions of themgtC gene produced in strains described above. Expression levels of target gene were normalized to that
of 16S ribosomal RNA rrsH gene. Shown are the mean and S.D. from two independent experiments.
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inside macrophages possibly due to the FtsH protease being less active
inside host
A previous complementation study reported that a version of
the mgtCW226A gene from the plasmid did not complement growth
defect of themgtCmutant in lowMg2+ media (in vitro) but partially
complemented survival inside macrophages (in vivo), suggesting
that the Trp residue at position 226 is required for mainly
in vitro growth [2]. This is also true when we tested the chromoso-
mal mgtCW226A mutant. The mgtCW226A mutant had a similar
growth defect to the strain with the mgtC deletion in low Mg2+
media (Fig. 4A). This is because theW226A substitution accelerates
MgtC degradation by the FtsH protease hence there was no detect-
able amount of MgtC proteins in the strain with the mgtCW226A
substitution. However, interestingly enough, when we measured
Salmonella’s ability for replicating within macrophage-like J774
A.1 cells, the mgtCW226A mutant showed 10-fold higher survival
than that of the mgtC deletion mutant, reaching up to 45% to that
of wild-type Salmonella (Fig. 4B).
We wondered why the MgtCW226A proteins are functional for
survival inside host cell. We suspected that the FtsH protease
might not be active inside macrophages because Salmonella seems
to decrease membrane potential during infection [3,17] and also
because proteolytic activity of the membrane-bound FtsH protease
is powered by the proton motive force [18]. If this is the case, then
the MgtCW226A would not be degraded and be functional for sur-
vival inside macrophages. To test this idea, we tried to detect the
MgtC protein and its W226A variant when Salmonella was inside
macrophage-like J774 A.1 cells. At 21 h after infection, the levels
of MgtCW226A proteins were comparable to those of the wild-type
MgtC proteins (Fig. 4C), strongly indicating that the FtsH proteaseis less active inside phagocytic host. As a control, themgtC deletion
mutant did not produce MgtC proteins and the CorA Mg2+ trans-
porter proteins were detected in all strains (Fig. 4C). And the
mRNA levels of both wild-type and mgtCW226A Salmonella were
detected high inside macrophages compared to that of cells grown
without host (Fig. 4D).
4. Discussion
We have identiﬁed an example of a single amino acid sub-
stitution of a virulence protein accelerating the FtsH-mediated
proteolysis. We established that the Salmonella MgtC protein with
Trp to Ala substitution at the C-terminus position 226 promotes
protein degradation, which is mediated by the membrane-bound
FtsH protease. The Trp residue at position 226 of the MgtC protein
is highly conserved in other intracellular pathogens such as M.
tuberculosis, Y. pestis, and B. suis (Fig. S1) [2]. Given that MgtC pro-
teins are required for survival inside macrophages in all those
intracellular pathogens, it seems that Salmonella acquires the Trp
codon to prevent MgtC proteolysis by the FtsH protease.
FtsH is an ATP-dependent protease that is attached to the inner-
membrane by two transmembrane helices. Due to its location, the
FtsH protease is responsible for degradation of mainly membrane
proteins and some cytoplasmic proteins [16]. Even though
ATPase activity of the cytoplasmic region of the FtsH protease is
critical for protein degradation, it is also known that proton motive
force, especially that part contributed by the membrane potential,
stimulates proteolytic activity of the FtsH protein through the
transmembrane domain [18]. Salmonella decreases membrane
potential during infection by producing MgtC protein [3], which
can be activated by the PhoP/PhoQ two component regulatory sys-
tem [4], and PhoP is also involved in reversal of membrane
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the FtsH protease might not be active inside host and Salmonella
could accumulate the MgtC proteins to survive in the host environ-
ment. In sum, Salmonella promotes pathogenicity by protecting
MgtC proteolysis during infection: One by acquiring single amino
acid at the C-terminus of the MgtC protein that inhibits the
FtsH-mediated proteolysis and the other by decreasing activity of
the FtsH protease during infection.
MgtR is also known as a regulatory peptide for mediating
proteolysis of the MgtC protein [6]. The MgtR peptide is 30 amino
acid-long and contains one transmembrane segment. It binds to
the MgtC protein through the transmembrane segment of the
MgtR and stimulates MgtC degradation [6]. However, how the
binding between MgtR and MgtC at the transmembrane region
stimulates the protease activity of the FtsH located at the cytoplas-
mic domain is unclear. The fact that the mgtR mutation does not
rescue accelerated proteolysis of the MgtCW226A variant suggests
that MgtC degradation by the Trp 226 substitution is independent
of the MgtR-mediated regulatory action on the FtsH-mediated
MgtC degradation. Moreover, a previous observation that the
mgtR mutant does not have a clear defect for Salmonella’s survival
inside macrophages [6] could be explained now mostly because
the FtsH protease is less active for MgtC proteolysis inside host
even in the presence of the MgtR regulatory peptide.
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